Recent years, semiconductor quantum dots (QDs) have attracted tremendous attentions for their unique characteristics for solid-state lighting (SSL) and thin-film display applications. The pure and tunable spectra of QDs make it possible to simultaneously achieve excellent color-rendering properties and high luminous efficiency (LE) when combining colloidal QDs with light-emitting diodes (LEDs). Due to its solution-based synthetic route, QDs are impractical for fabrication of LED. QDs have to be incorporated into polymer matrix, and the mixture is dispensed into the LED mold or placed onto the LED to fabricate the QD-LEDs, which is known as the packaging process. In this process, the compatibility of QDs' surface ligands with the polymer matrix should be ensured, otherwise the poor compatibility can lead to agglomeration or surface damage of QDs. Besides, combination of QDs-polymer with LED chip is a key step that converts part of blue light into other wavelengths (WLs) of light, so as to generate white light in the end. Since QD-LEDs consist of three or more kinds of QDs, the spectra distribution should be optimized to achieve a high color-rendering ability. This requires both theoretical spectra optimization and experimental validation. In addition, to prolong the reliability and lifetime of QD-LEDs, QDs have to be protected from oxygen and moisture penetration. And the heat generation inside the package should be well controlled because high temperature results in QDs' thermal quenching, consequently deteriorates QD-LEDs' performance greatly. Overall, QD-LEDs' packaging and applications present the abovementioned technical challenges. A profound and comprehensive understanding of these problems enables the advancements of QD-LEDs' packaging processes and designs. In this review, we summarized the recent progress in the packaging of QD-LEDs. The wide applications of QD-LEDs in lighting and display were overviewed, followed by the challenges and the corresponding progresses for the QD-LEDs' packaging. This is a domain in which significant progress has been achieved in the last decade, and reporting on these advances will facilitate state-of-the-art QD-LEDs' packaging and application technologies.
Introduction
Semiconductor QDs, as a promising material for absorbing and converting light energy, have attracted extensive scientific and industrial interests [1] [2] [3] . Since the emission and absorption characteristics of QDs are dependent on the particles' size, their band structures can be tuned according to the quantum confinement effect by varying the particles' size or compositions, as shown in Fig. 1 . The elements in QDs are usually in group II-VI, such as CdSe [4] ; group III-V, such as InP [5] ; and group I-III-VI, such as CuInS 2 [6] . Due to their superior optical characteristics, QDs have been proven to be extremely suitable for many applications, such as optically or electrically pumped lasers, full color displays, LEDs, and biosensors [7] [8] [9] [10] . Among these applications, QDconverted LEDs (QD-LEDs) are the most attractive application. There are two types of QD-LEDs, the differences are that one is based on photo-excited QDs (photoluminescence QD-LEDs), and another is electro-excited QDs (electroluminescence QD-LEDs). Here, we focus on the photoluminescence QD-LEDs, since they are the most commonly used type.
So far, the overall efficiency of electroluminescence QD-LEDs remained lower compared to that of photoluminescence QDLEDs because of their charge injection problem. The conventional LEDs usually are phosphor-converted LEDs (pc-LEDs), which combine blue LED chips with yellow phosphors, e.g., yttrium aluminum garnet doped with cerium (YAG: Ce 3þ ) [11] [12] [13] . For pcLEDs, the color-rendering index (CRI) is quite low owing to the lack of red component in the emission spectrum [14] . Moreover, the broad full-width-at-half-maximum (FWHM) of phosphors (50-100 nm) [15, 16] makes it difficult to tune the spectra distribution of pc-LEDs, since it has significant overlap in the blue-green and green-red regions. In contrast, QD-LEDs have good CRI, wide absorption, and narrow emission spectra.
Quantum dots light-emitting diodes are usually used in thinfilm display and general lighting applications, which is introduced in categories as follows:
(1) Backlighting for Displays: Color gamut is one of the most important parameters of display devices. This industry uses chromaticity diagrams and color gamut standards to quantify the color purity. The International Commission on Illumination (CIE) has established a chromaticity diagram known as CIE 1931 color space. Color gamut represents all colors that can be created by mixing primary colors. In 2013, Sony's commercial application of colloidal QDbased liquid crystal display (LCD) televisions used edge-mounted red and green QDs to optically down-convert part of the blue LED backlight and reemitted red and green light. To achieve long-term luminescent stability, QDs were dispersed in an acrylate polymer and encapsulated in thin glass tubes to avoid oxygen and moisture exposure. The use of QDs for backlighting fulfills more than 100% of the National Television System Committee (NTSC) television color gamut standard [18] . Figure 2 shows the spectra distribution and photographs of a 46 in. QD-LEDs backlight unit (BLU) developed by Samsung displays. The QD-LED BLU (left of Fig. 2(b) ) achieved 30% more NTSC color gamut than the conventional LED BLU (right of Fig.  2(b) ). Furthermore, the color quality of QD-LCD is comparable to that of organic LED (OLED) displays while achieved at the cost of an LCD display. Thus, it represents an emerging technology and is expected to compete with OLED in the near future. (2) General Lighting: As related to the human eyes, the correlated color temperature (CCT) and CRI are two major concerns of SSL. The CCT of a white light source is defined as the temperature of a planckian black-body radiator, whose color is closest to the color of the white light source. The CRI of a light source is defined as the ability of the light source to render the true colors of any objects (refer to Sec. 4.2 for details). The pc-LEDs produce "cold" white light with CCT > 5000 K and CRI < 85, which is not comfortable for human eyes. In order to realize a light source with warmer color and high CRI, red-emitting phosphors with narrow emission around 610 nm are added. But the development of efficient red phosphors still lags behind [19, 20] . This challenge can be solved by narrow emission QDs. In 2009, QD Vision, Inc., had shown that by adding redemitting QDs to the phosphor, it is possible to achieve white lighting with a CCT of 2700 K and a CRI > 90 while maintaining an efficiency of 65 lm/W [21] . Figure 3 shows the efficiency and CRI for different lighting applications; it is seen that the first commercial QD-LEDs have high CRI as well as high LE. In their technology, QDs in a transparent matrix are dispersed onto a substrate to form a QDs film with recorded solid-state QDs photoluminescence efficiency of 95% 6 5%. In 2008, Evident Technologies also developed their Christmas lights used blue LEDs to excite a mixture of CdSe/ZnS QDs dispersed in a polymer matrix to achieve monochromatic color emission across the visible spectrum, including colors such as purple and aqua that can typically only be achieved by color filtering of white light [22] .
From above introductions, QD-LEDs are expected to create next-generation displays and high-quality lighting with better color gamut, higher efficiency, and high CRI. However, to quickly penetrate the applications, many packaging issues of the QDLEDs should be solved. QDs have to be incorporated into polymer matrix, and the resulting QDs mixture is dispensed into the LED mold or placed onto the LED in terms of QDs-polymer film, which is known as the packaging process. Packaging is an essential step, which not only can ensure better performance of LED devices by enhancing reliability and optical characteristics but can also realize control and adjustment of the working performance. Therefore, the packaging process needs to be deeply studied to achieve high-quality QD-LEDs devices, which is the right motivation behind this review. Here, the basic knowledge of QD-LEDs in lighting and display was introduced, followed by the discussion on the challenges and the corresponding progresses for the QDLEDs packaging. Figure 4 shows the packaging process of QD-LEDs. Typically there are two types of packaging structure of QD-LEDs, one is the remote type and another is the on-chip type. Taking the remote type as an example, step by step, the packaging processes are as follows:
Brief Knowledge of QD-LEDs Packaging
(a) QDs Mixed With Polymer Matrix: The solution-based QDs are blended with polymeric matrix which can be processed or manipulated into the solid-state material, and then the mixture is stirred to obtain homogeneous QDs-polymer hybrid material. In this process, the compatibility of QDs' surface ligands with the polymer should be ensured. Otherwise the poor compatibility can lead to agglomeration or surface damage of QDs. (b) Solidification of QDs-Polymer Mixture: Firstly, the organic solvent in the QDs-polymer mixture is moved in the vacuum chamber, and then the mixture is fabricated into solid film or stick. According to the characteristic of polymer matrix, solidification can be achieved by different methods, such as electrochemical reactions [23] [24] [25] , utilization of gamma and ultraviolet (UV)-irradiation [26] [27] [28] , and thermal curing reactions [29] [30] [31] . (c) Combination of QDs-Polymer With LED Chip: The QDs-polymer composite is fabricated onto LED chip with blue emission, and QDs convert part of the blue light into other expected WLs, resulting in white light after color mixing. The optical efficiency as well as the thermal performance of QD-LEDs are dependent on the packaging structure. Besides, the color-rendering quality is determined by the color mixing process. Therefore, packaging structure needs to be well controlled to achieve high light output and better heat dissipation performance, and the color mixing of different QDs particle should be optimized for higher color-rendering quality.
The encapsulant is filled into the interspace between the QDs-polymer film and LED chip to protect the chip and bonding wires. The QDs are also protected by encapsulant to avoid direct contact with oxygen and moisture. The encapsulant coating can improve the long-term stability and its morphology can also influence the light output efficiency.
The packaging process of the on-chip type QD-LEDs is quite similar with the remote type. Firstly, the QDs are mixed with polymer matrix (a). Then the QDs-polymer mixture is coating onto the LED chip (b2). After the solidification of QDs-polymer mixture (c2), the whole QDs-polymer gel is covered by encapsulant (d2) to protect the chip and QDs.
Challenges in QD-LEDs' Packaging
From the packaging processes shown in Fig. 4 , there are several key problems in QD-LEDs' packaging and applications.
3.1 Compatibility Problem of QDs and Polymers. Due to the solution-based synthetic route in which QDs are suspended in some organic solvent, QDs are impractical for fabrication and integration of light-emitting devices directly. So the solidification of well-defined QDs-polymer hybrid materials is prerequisite before applications. However, hydrophobic surface of typical QDs is generally incompatible with the conventional LED packaging process, where the QDs are physically blended with silicone or epoxy resin. The hydrophobic organic ligands on QDs' surface damage the polymerization of resin encapsulation, namely, the catalyst poisoning effect [32] . Besides, the incompatibility of QDs' surface with polymer matrix can result in QDs agglomeration, consequently decrease the photoluminescence efficiency of QDs [33] [34] [35] .
3.2 Combination of QDs With LEDs. Combination of QDs-polymer with LED chip, as shown in Fig. 4(c) , is the key component that converts part of blue light into other WLs of light. QD-LEDs always consist of three or more kinds of QDs. Therefore, the spectra distribution should be optimized, through tuning the WLs and mixing ratio of QDs components, to achieve a high color-rendering ability. This requires both theoretical spectra optimization and experimental validation. In addition, the packaging structure plays an important role in determining the final optical characteristics of QD-LEDs. Improper QDs-polymer morphology and QDs particle distribution may cause low efficiency or poor color quality. The packaging structure should be well designed in this process.
Reliability and Lifetime of QD-LEDs.
To prolong the reliability and lifetime of QD-LEDs, the QDs have to be protected from oxygen and moisture. Besides, the heat generation from QDs should be well controlled because high temperature results in QDs' thermal quenching, consequently deteriorates QD-LEDs' performance greatly.
In the last decade, most of the progresses in QD-LEDs' packaging are aiming to solve aforementioned problems, which will be reviewed as follows.
4 Progresses in QD-LEDs' Packaging and Applications 4.1 Compatibility of QDs and Polymer Matrix. Before the applications of white LED (WLED), issues about the poor compatibility of QDs with polymeric environments should be resolved. Although techniques for incorporating QDs in thin films are well developed, stabilizing these QDs in bulk polymer matrices remains a challenge. The approaches are mainly focused on the preparation of well-dispersed QDs inside polymers so that the photoluminescence properties of QDs are not affected [36, 37] . In addition, the QDs-polymer composites are required to be transparent when encapsulated into the LEDs. Therefore, it is required to establish methods to obtain QDs-polymer materials with high transparency and uniformity.
Modification of the QDs' Surface Chemistry.
The main strategy to improve the compatibility and dispersibility of the QDs and polymer is to coat compatible ligands at the surface of the QDs. For example, coating CdS QDs with ligands functionalized by phenyl groups improved the dispersibility of the QDs in pyridine [38] , and oleic acid ligands at the QDs surface promoted the solubility of the QDs in polymethylmethacrylate (PMMA) and PS, while an octylamine at the QDs' surface results in a strong quenching of band-edge emission [39] .
By introducing covalent bonds, such as 4-thiomethylstyrene as both a capping ligand and a comonomer to replace the trioctylphosphine oxide (TOPO) on CdSe, QDs-polystyrene composites were successfully obtained after polymerization [40] . Ligands modification can be realized by the direct modification of the periphery with surfactants, which is able to copolymerize with the growing polymer chains. Zhang and coworkers [41] have demonstrated a method by using octadecyl-p-vinyl-benzyldimethylammonium chloride (OVDAC) as a polymerizable surfactant to transfer the aqueous CdTe QDs into styrene or methyl methacrylate monomer solutions, a transparent CdTe-PS composite was obtained. Figure 5 shows these CdTe/polystyrene hybrid materials.
Incorporation of QDs Into Polymer Materials.
The QDs can be encapsulated by an optically transparent barrier material to minimize the incompatibility problem. For instance, QDs-silica composite including silica shell overcoating individual QDs [42] [43] [44] , multiple QDs-embedding silica matrix [45] [46] , and QDs-silica monolith [47, 48] were obtained in terms of powdertyped QDs-silica composites by the microemulsion method. Since the surface of QDs is coated with silica layer, catalyst poisoning does not occur during the curing process of the silicone [45] . Compared to the QDs-WLED with bare QDs, the silicaembedded CIS/ZnS QDs showed a longer operational times (1-3 h), but a lower blue-to-yellow conversion efficiency due to the PL reduction concomitant to silica-embedding procedure [49] .
Instead of the modification of surface ligands of nanocrystals, electrostatic interaction between negatively charged QDs and a positively charged building block can be the main driving force to achieve the desired hybrid QDs-polymer material [50] [51] [52] . The QDs act as physical cross-linking centers, and the resulting complexes are easily shaped into various fluorescent structures and materials, the stability of the photoluminescence properties was improved as well. Tetsuka et al. [53] demonstrated a method of incorporating the hydrophilic CdSe/ZnS QDs into a transparent and flexible clay host, which was realized through electrostatic interaction between QDs' surface and clay platelets. Similarly, Qi CdTe/polystyrene hybrid materials using a polymerizable surfactant. Aqueous CdTe QDs were preprepared, and polymerizable OVDAC was used as a surfactant to transfer negatively charged CdTe QDs to a styrene solution. After radical polymerization, a transparent CdTe-PS composite was obtained [41] . et al. [54] proposed a method combining the electrostatic modification of CdTe QDs and the titania sol-gel process to fabricate stable QDs/TiO 2 hybrid film. The CdTe QDs were wrapped in a cationic surfactant and a surfactant-encapsulated QDs hybrid particle with hydroxyl active sites on its periphery was formed. Due to this structure in which QDs' surface was better passivated by the polymer, the original luminescent property of QDs and the flexibility of titania sol-gel materials were retained in the resulting hybrid films.
Embedding QDs Into Polymer Microspheres.
Another effective way to improve the dispersibility and stability of QDs inside the polymers is to embed QDs into the microspheres. Swelling is the simplest method for preparing QDs-polymer microspheres. The swelling polymers trap the QDs inside the particle, and the subsequent washing of the residue causes the polymer to shrink, thus trapping the QDs inside the microspheres [55] . Chen et al. [56] obtained luminescent microbeans (LMBs) by a swelling method which combines mesoporous silica particles with the CuInS 2 (CIS) QDs. The swelling method results in as many as 10 3 -10 5 nanoparticles embedded into polymer microspheres, while there is no F€ orster energy transfer between the QDs, which indicates that the embedded QDs are well dispersed without aggregation [55, 57] . Furthermore, due to the restrict of the mesoporous, only QDs within a certain size range can be incorporated, thus narrowing the QDs size distribution, and consequently narrowing the emission spectra of the hybrid microspheres. The main concern of this method is that the QDs' penetration is highly dependent on the swelling conditions and the degree of cross-linking. The QDs only penetrated into the edge of the microspheres in the condition of low degrees of swelling or high cross-linking densities, as revealed by Bradley et al. [58] .
Spectra Optimization of QD-LEDs.
To generate highquality white light, which is suitable for lighting and display applications, it is important to design the spectrum distribution of QD-LEDs. Before covering the researches of spectra optimization, we first introduce several concepts of color science:
(1) Color Matching Functions and Chromaticity Diagram:
Since light causes different levels of excitation of red, green, and blue cones, the sensation of color and luminous flux of a particular color varies slightly among different individuals. Furthermore, the sensation of color is a subjective quality that cannot be measured objectively. Therefore, the CIE has standardized the measurement of color using color matching functions and the chromaticity diagram. Figure 7 shows the CIE color matching functions. The three color matching functions x(k), y(k), and z(k) approximately correspond to the eye sensitivity curves of the red, green, and blue cones, respectively. The perception of colored light can be analyzed in terms of the degree to which the light stimulates the three types of cones. The degree of stimulation of the three types of cones is given by
where P(k) is the spectral power distribution, and X, Y, and Z are the tristimulus values that indicate the relative stimulation of each of the three cones. The chromaticity coordinates x and y are calculated from the tristimulus values according to Figure 8 shows the chromaticity diagram, which is created by using the mapping methodology described in Eqs. (1)-(6). Monochromatic or pure colors are found on the perimeter of the chromaticity diagram. White light is found in the center of the chromaticity diagram.
(2) Color Gamut: In LED displays, three different types of LEDs, usually emitting in the red, green, and blue are used. The three colors are mixed so that the observer sees a mixture 
where the CRI i are the special color-rendering indices for eight sample objects. The special CRI are given by
where DE i * is the difference in color that occurs when a sample object is illuminated with the reference illumination source and the test illumination source. Further information regarding these color renditions can be found in Ref. [59] . Besides, there is another index to evaluate the color-rendering capability of the illuminants, the CQS, which was developed by Davis and Ohno [60] . It uses the same reference light sources as in the CRI, but the test color samples are changed. The CQS uses 15 reflective Munsell samples and it makes use of a saturation factor. In addition, the CQS ranges from 0 to 100, which is more understandable because CRI < 0 does not express any useful information. The advantage of the CQS is that it provides a better scale and understanding for the color-rendering capability of the LED spectra.
(4) Luminous Efficacy of Optical Radiation (LER) and LE: The efficiency of the white light sources needs to be evaluated by considering the eye sensitivity function. There are two important efficient criteria used for this purpose. The first is called the LER. It is calculated according to
where W opt and V(k) are the optical power and photopic eye sensitivity function, respectively. A white light spectrum having an LER as high as possible is desirable as it means more optical energy is radiated at the WLs where the eye is sensitive. The second important criterion is called the LE, calculated by Eq. (10). The LE calculates the LER with respect to the supplied electrical power, P elect :
Based on the brief introduction of these important evaluation indices for light-emitting devices, we consequently summarize the studies referring to the spectral design of QD-LEDs for lighting and display applications. Since each application has different requirements and some applications have complicated tradeoffs between the performances' criteria, the optimization of the white light spectrum is a complicated task.
Photometric Optimizations for Lighting Applications.
In order to obtain a well-designed QD-LEDs suitable for lighting applications, criteria such as CRI and LER have to be simultaneously considered when designing the spectrum, i.e., there are tradeoffs between CRI and LER. A photometric study of QDLEDs exhibiting high CRI and LER is reported [61] . Various spectral designs have been simulated to understand the correlations between these two parameters. It is concluded that the maximum obtainable CRI decreases as the LER increases, and a warm-white LEDs with CRI > 90 and LER > 380 lm/W at a CCT of 3000 K can be achieved theoretically. The relation between CRI and LER is reasonable, because if one source has a high CRI, its spectrum should have a power distribution covering the visible region, while LER decreases with wider emission spectrum.
Besides, to achieve QD-LEDs with high optical performance, the FWHM, peak emission WL, and the relative amplitude of each QDs color component need to be designed. According to the results from previous studies [61, 62] , four colors in blue, green, yellow, and red spectral ranges are recommended in the packaging of WLED. The optimal peak WLs are 465 nm for blue, 527 nm for green, 569 nm for yellow, and 620 nm for red, and the corresponding FWHMs should be 44 nm, 43 nm, 44 nm, and 32 nm, Table 1 lists the optimal spectral parameters, and Fig. 9 plots the corresponding spectra [63] .
Although the optimal spectra of QD-LEDs can be obtained by spectra optimization algorithm, reproducing these spectra in laboratory is not that easy, because there is less literature referring to the optical modeling of QD-LEDs. At the very beginning, the optical performance of QD-LEDs is limited [64] [65] [66] . In 2007, Demir et al. demonstrated QD-LEDs based on cyan, green, orange, and red CdSe/ZnS QDs, which achieved relative low CRI of 71 [66] . Three years later, the researchers enhanced the performance of their device using the same material system [67] . By using green (528 nm), yellow (560 nm), and red (609 nm) CdSe/ZnS QDs, this QD-LEDs achieved a LER of 357 lm/W opt along with a CRI of 89.2 and a CCT of 2982 K. In recent years, research efforts began to focus on increasing the optical performance of QD-LEDs based on cadmium-free QDs, such as CuInS QDs [68, 69] and InP QDs [70, 71] . After optimization, a white QD-LEDs using InP/ZnS core-shell QDs achieved a CRI of 89.3 and an LER of 254 lm/ W opt at a CCT of 2982 K [72] .
At the end of this part, we concluded other experimental studies referring to the spectra optimization of QD-LEDs for general lighting. Figure 10 shows a summary of CCT, LE, and CRI of the experimentally achieved QD-LEDs . It is seen from the figure that there is still room to improve the optical performance of QD-LEDs for general lighting applications. To reach its highest point of overall performance, more collaborative works combining optical simulation with experimental validation have to be done in the near future.
Colorimetric Optimizations for Display Applications.
In comparison to lighting applications, backlight products utilizing QDs as down-convertors have already begun to find commercial applications. In 2013, Sony, in cooperation with QD Vision, launched the world's first QDs television using Color IQ optics [99] . Nanosys and 3M have demonstrated the similar strategies using their quantum dot enhancement film (QDEF) [100] . By adding QDEF, the display maker can immediately begin to produce LCD panels with color and efficiency performance beyond OLEDs, without making any changes to established processes. Figure 11 shows the schematic diagram of three typical packaging structures to incorporate QDs into BLU, i.e., on-chip, on-edge, and on-surface types [101] . The on-chip type can be a direct replacement of the phosphor-based BLU, while the on-edge and on-surface types belong to the remote type, which can protect QDs from the thermal effect caused by the LED chip. In addition, the on-edge type does not change the configuration of optical stacks inside the LCD, while the on-surface type usually incorporates QDs with other optical films such as prism sheet. Besides, the amount of material needed for the on-surface type and onedge type scales with display sizes. The on-surface type consumes a lot more QDs materials than the on-edge one. Therefore, the onsurface type is more favorable to small panels while the on-edge type is more attractive to large panels. Figure 12 plots a typical edge-lit LCD system with on-surface QDs structure. It contains a blue LED source, light guide plate to guide the light source toward the thin film transistor-LCD panel, QDs film, a series of optical stacks, and polarizers. Different from the spectra optimization of QD-LEDs for lighting applications, when designing the spectra distribution of backlighting, we expect to obtain a wider color gamut and higher total light efficiency (TLE), which is defined as
where S out (k) and S in (k) are the output and incident spectra power density of the BLU, respectively. Demir et al. concluded that in order to cover 100% NTSC color gamut, the FWHM of the QDs should be at most 50 nm. Otherwise the green end of the NTSC triangle cannot be included. Additionally, the blue emission should be generated with a source having an FWHM no more than 70 nm [102] .
To simultaneously achieve a large color gamut and high TLE, we have to consider the effect of optical stacks inside LCD on the output light spectra. Among these optical stacks, the liquid crystal is used to modulate the input light, and the color filter is used to select the red, green, and blue colors according to a specific transmission characteristics. Therefore, besides the input light spectra, the color of the LCD can be affected by the transmittance of the color filter and the WL dispersion of the liquid crystal material. Although the overall transmittance of different modes of liquid crystal slightly depends on the WL, the shape of these transmission curves remains quite similar [103] . Therefore, the color filter plays the major role in terms of reshaping the output light spectra. Figure 13 shows the transmission spectra of three commercial color filters and the optimal performance of QDs backlight for different CFs [104] . Wu and coworkers [105] demonstrated that narrow band color filters are not effective for QDs backlight, especially when considering the loss in light efficiency. This is attributed to the pure emission peaks of QDs backlight, which is less dependent on the color filters [104] . Therefore, the cost can be reduced and the optical efficiency can be further improved by using broadband color filters. In addition, the FWHM of QDs emission can affect the display performance. As shown in Fig. 13(c) , as the lower limit of green QDs (Dk g ) and red QDs (Dk r ) increases from 10 nm to 50 nm, both color gamut and TLE are reduced [104] . This is reasonable since a broader emission band results in less saturated color primary and decreases the transmittance toward color filter. Therefore, narrower QDs emission is preferred for a highperformance BLU. Recently, metal halides perovskite QDs [106, 107] show very narrow FWHM of $10 nm. This material can further improve the display performance of QDs backlight.
Enhancing the Reliability and Lifetime of QD-
LEDs. In order to enhance the reliability and lifetime of QDLEDs, we have to consider two primary reasons that will lead to the optical performance degradation of QD-LEDs. One is QDs' PL degradation caused by oxygen and moisture penetration [108] . The penetrative oxygen and moisture could corrode the surface ions and ligands of QDs, consequently resulting in defect trap states that cannot be ignored [109] [110] [111] . To suppress this defect, two solutions were proposed in previous studies, one is to coat the nanocrystals with extra ligands, and another is to create a barrier layer on the outer surface of polymer film.
Another primary reason for the degradation of QD-LEDs is the QDs thermal quenching effect [112] . The quenching mechanism involves nonradiative relaxation of conduction band electrons through the thermally created temporary trap states [113] . To solve this problem, packaging structure has to be optimized for better thermal stability. It is worth noting that we mainly discuss the thermal management inside of the package and that outside of the package is not included in this section. This is because of the similarity in the outer packaging structure between QD-LEDs and pc-LEDs, and solutions for heat dissipation from the package to the ambient are widely studied in previous works [114] [115] [116] [117] .
Improving Stability of QDs Against Oxygen and
Moisture. The oxygen transmission rate (OTR) and the water vapor transmission rate (WVTR) are the evaluation indices of the gas resistance capability of the material. Since penetrative micromolecules are able to diffuse across the polymer coating layer and causing chemical oxidation of atoms on the QDs' surface, an extra surface coating on the QDs' surface can act as the buffer layer to react with the micromolecules before it can react with the QDs, consequently lower the OTR and WVTR. For instance, coating surface ligands having free amines, such as mercaptoethanol, can protect QDs from oxidative quenching by scavenging HOCI molecules [118] . Quantum dot-silica monolith (QD-SM) with exchanged surface ligands of 6-mercaptohexanol (6-MHOH) was much stabile than the QD-SM prepared with 3-mercaptopropyltrimethoxysilane (3-MPS), since the 6-MHOH can effectively resist against the oxidative damage to the ZnS shell caused by hydroxide ions [45] .
QDs with core/polymer shell structure provide unique combination of enhanced dispersity as well as photostability after the mixture with the polymer matrix. Metal core coated with polymers, such as polyaniline, polypyrole, and polythiophene, have attracted much interest for use in light-emitting devices [118] [119] [120] . Nevertheless, these polymers can hardly be commercialized because of its poor processability. Many groups have developed the QDs/ PMMA nanocomposites [121] [122] [123] [124] ; PMMA was suitable due to its optical transparency; and the PMMA shell also plays a role in protecting the surface of QDs core from oxidation. In addition, there is also no significant loss in quantum yield ($12% to $8%) after polymer coating.
Compared with the overcoat layer on the surface of nanocrystals, an extra barrier layer on the surface of QDs-polymer hybrid film is easier to be processed for realizing a QDs-polymer film against photo-oxidation. A single inorganic barrier layer generated by a vacuum processing provided an enhancement of two or three orders of magnitude over OTR for polymeric substrates [125] . Analogy to OLED packaging, barrier layers which are impermeable to oxygen and moisture, such as SiO x [125] [126] [127] , SiN x [127] , and A1 2 O 3 [128] , have been utilized to form high gas-resistant substrates. To acquire a high coating quality of the barrier layer, the wetting compatibility between the polymer matrix and the barrier should be examined. For instance, Fig. 14 shows a direct dip coating of the QDs-PMMA hybrid film into silica sol, which results in a poor compatibility. And a polyvinylpyrrolidone (PVP) was suitable as an interfacial adhesion layer for ensuring uniform deposition of the subsequent silica barrier layer [129] .
4.3.2
Enhancing the Thermal Stability of QD-LEDs. It was concluded from previous researches that the PL intensity of QDs decreased as the temperature increased [112, 130] . Therefore, to optimize the packaging structure of QD-LEDs and consequently lower the working temperature of QDs is of importance. In our previous work, we compared the optical and thermal performances of three different packaging structures: air encapsulation (type 1), silicone lens (type 2), and silicone encapsulation (type 3) [131] . Figures 15(a) and 15(b) plot the schematic diagrams and photographs of these three packages: in type 1, the inner space between QDs-polymer film and LED chip is filled with air; in the type 2, a silicone lens is coated on the LED chip; while in type 3, silicone gel is filled into the space between QDs-polymer film and LED chip. CdSSe/ZnS core-shell QDs with WL ¼ 574 nm were mixed with PMMA to fabricate the QDs-polymer film. Figure  15 (c) plots the temperature fields of three packages under driving current of 300 mA. It is seen from the experiment data that the maximum temperature of QDs-polymer film in type 1, 2, and 3 are 110.7 C, 112.0 C, and 85.4 C, respectively. Due to the lower QDs temperature in type 3 than those of in type 1 and 2, when the driving current increased from 50 mA to 500 mA, the QDs peak emission of type 1 dropped by 36.8% and type 2 dropped by 20.4%, while that of type 3 only dropped by 6.2%, as shown in Fig. 15(d) . Therefore, polymer encapsulation plays an important role in stabilizing the QDs' performance.
In addition to the polymer encapsulation structure, the configuration of QDs layer also influences the thermal stability performance of QD-LEDs. Yin et al. studied the thermal performances of the CRI for two types of QD-LEDs [132] . It was found that QDLEDs with the encapsulation of yellow phosphors and red QDs exhibited higher CRI and lower sensitivity to the temperature than those with the encapsulation of yellow and red phosphors. When the ambient temperature increased from 25 C to 100 C, the CRI of QD-LEDs with yellow phosphor and red QDs changed only 0.3, while that with yellow and red phosphor changed 2.2. Since the heat generation of QDs-polymer layer was derived from the optical loss, enhancing the light output efficiency of QDs layer can also enhance the thermal reliability of QD-LEDs. Han et al. studied the effect of three different composite structures (QDs on phosphor, phosphor on QDs, and mixed) on the optical and thermal characteristics [133] . It was found that the layered structure is more effective than the mixed one with respect to PL intensity, PL decay, and thermal loss. When the QDs on phosphor-layered nanocomposite are used to fabricate a QD-LEDs, the brightness was increased by 37%, and the CRI was raised to 88.4 compared to that of mixed case of 80.4%. Figure 16 plots the schematic diagram of the energy transfer between QDs and phosphor. For the QDs layer on the phosphor structure ( Fig. 16(a) ), most of the blue light is first converted by phosphor with high efficiency, and then, QDs are used to convert the blue light and the green light from the phosphor. However, for the phosphor on QDs layer structure ( Fig.  16(b) ), if the QDs absorb most of the blue light, they emit the converted red light at a low conversion efficiency. Therefore, it is better to place the QDs on the outer layer rather than the layer near the light source. For the mixed layer (Fig. 16(c)) , energy transfer and energy loss occurred simultaneously. Consequently, the emission loss is expected to increase due to the increased optical interface between the QDs and phosphor [133] .
Other strategies to enhance the light output efficiency have been proposed as well. Oh et al. introduced microlens and microprism to the front side of QD-LEDs to enhance the extraction efficiency [134] . The microlens-attached QD-LEDs have a high luminescence values, which was 1.57 times higher than those of conventional QD-LEDs. Shin et al. proposed an air-gap structure to enhance the optical extraction efficiency of QD-LEDs [135] . The proposed structure showed enhancement of 29.7% by experiment as compared with that of a remote layer-by-layer QDs' structure without an air gap. This was attributed to the fact that some re-emitted and scattered light from QDs can be reflected again by total internal reflection at the interface between the QDs-polymer layer and air to reduce the absorption loss in the package.
Summary and Perspectives
Quantum dots light-emitting diodes have developed tremendously over the past two decades, and progress has been especially fast recently due to significant improvements in the quality of QDs materials as well as advances in the packaging strategies The inset in each figure shows the corresponding details of QDs emission peak [131] . Fig. 16 Schematic illustration of the emission mechanism and the energy transfer between QDs and phosphor in polymer matrix: (a) QDs layer on phosphor layer, (b) phosphor layer on QDs layer, and (c) mixed layer [133] 020803-10 / Vol. 138, JUNE 2016
Transactions of the ASME of the devices. In this review, we introduced the applications of QDs-LEDs in the lighting and display industries, and then, the challenges in QD-LEDs packaging and the progresses were overviewed. With the objective of developing QD-LEDs with high efficiency, color-rendering ability, and stability, researchers have devoted to solve the packaging problems, such as the incompatibility of QDs with polymer matrix when fabricating QDs-polymer film, the spectra optimization of QD-LEDs by both simulation and experiments, and the stability enhancement of QDLEDs against penetrative oxygen and moisture as well as the high temperature.
It is noted here that we only reviewed the packaging strategies of QD-LEDs in this work, while the intrinsic properties of the asprepared QDs are as important as the packaging. That is, the synthesis of QDs materials should be well investigated to ensure the high quantum yields and stability of QDs. Specially, due to the toxicity of cadmium element toward human body, new QDs materials with cadmium-free, high quantum yields and full spectrum are badly needed. From the research hotspots in QDs synthesis, I-III-VI group of QDs and all-inorganic perovskite QDs are expected to be the alternatives of cadmium-based QDs after the improvements of their stability and spectrum tenability. Status of this research area can be found in the review by Vasudevan et al. [136] and Hines et al. [137] .
It should be pointed out that most of the achievements for highperformance QD-LEDs are built upon experimental trial and error. In the coming decade, more fundamental researches about optical properties of QD-LEDs have to be carried out to better understand the mechanisms of QD-LEDs' energy propagation and conversion. Light absorption, scattering, and converting behaviors in QDs-polymer composites need to be observed to provide a theoretical guidance on experimental design. Only at that point, we will have a scientific basis for packaging QD-LEDs with specific photonic properties.
Besides, the heat generation inside of the QD-LEDs package needs to be predicted via thermal modeling, thus the thermal performances of different packaging structure can be evaluated and optimized. Moreover, it has been concluded that the thermal conductivity of QDs layer was orders of magnitude lower than that of traditional semiconductors [138] . Therefore, thermal conductivity of QDs-polymer layer needs to be reinforced to improve stability and efficiency of the whole QD-LEDs package. In addition, with the development of large-size LCD display, searching for new packaging strategies for the fabrication of large-scale, highuniformity QD-LEDs module is a promising direction toward promoting industrialization of QD-LEDs products.
